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本论文报导 了针对 H , B . Lin、J.D. Eversole、A.J. Campillo 和 J.P. Barton 
于1998年一篇论文的实验结果，我们所开展的对于二维高斯光束和均勻介质 
柱体之间电磁相互作用性质的相关理论研究。 
1 .我们得到一个几乎普适于任意形状二维单色激光光束的 b e a m - s h a p e 
coefficients的表达式[17]。这个简洁的表达式暗示了 van de Hulst的 
localization principle,有显著的物理意义。 









S o m e theoretical topics of Lorenz-Mie scattering, or simply M i e scattering, 
especially those related to the van de Hulst localization principle for two di-
mensional (2-D) case, are discussed in this thesis. This thesis can be divided 
into three parts: 
1. S o m e basic lemmas, as well as necessary mathematical derivations useful 
in describing the two dimensional M i e scattering system a n d morphology-
dependent resonances ( M D R ' s ) are s h o w n in the first part. W e derive 
simple formulas a n d general principles for the 2 - D system. S o m e back-
ground knowledge is also introduced in this part. It is the fundamental 
part of this thesis. 
2. This part extends the w o r k of C.C. L a m et al., in 1992 [1]. Modified 
explicit asymptotic formulas are derived for the positions, widths of two 
dimensional M D R ' s . These formulas are c o m p a r e d with those obtained 
from L a m ' s method, and our formulas for the widths of two dimensional 
M D R ' s are found to be m o r e accurate. 
3. A two dimensional M i e scattering system with surface perturbation is 
studied in the last part. W e obtain a first order perturbative solution for 
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this system b y an approximative m e t h o d . O u r results are c o m p a r e d with 
the experimental p h e n o m e n a observed b y H.-B. Lin et al., in 1998 [2 . 
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T h e electromagnetic interaction of a focused laser b e a m or plane w a v e with 
a spherical scatterer (three dimensional case) or a cylindrical scatterer infinite 
in length (two dimensional case), a m o n g which the so-called Lorenz-Mie scat-
tering, or just simply M i e scattering is a topic with longer history, has attracted 
m u c h attention for m o r e than one century [3-6], a n d is still a topic of current 
research interest with applications in a wide variety of areas of study including 
particle sizing, optical tweezer, R a m a n scattering diagnostics, optical levita-
tion, a n d laser beam/aerosol cloud penetration. T h e electromagnetic field that 
results from a focused laser b e a m incident u p o n a spherical or cylindrical scat-
terer is a complicated function of the properties of the b e a m (wavelength, b e a m 
waist diameter, transverse m o d e , and propagating direction, etc.), the proper-
ties of the scatterer (refractive index, diameter, and concrete shape, etc.), and 
the relative focal point positioning. 
Mathematically, this is a complicated boundary-value problem [13]. In this 
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thesis, w e mainly study a two dimensional (2-D) system since w e do not w a n t 
to get into complicated mathematical games, but just w a n t to get s o m e general 
physical ideas valid not only for the relatively m o r e simple 2-D system but also 
for the m o r e complicated 3-D system. W e expect that there exist s o m e general 
rules that both the 2-D M i e scattering system and the 3-D system obey. W e 
will only consider those h o m o g e n e o u s scatterer w h o s e index of refraction is 
real a n d greater than 1. 
1.2 A Simple 2-D Mie Scattering Model 
W e begin our discussion with a simple 2-D M i e scattering model. A s s h o w n 
in Fig. 1.1, w e suppose one T E m o d e plane w a v e propagating along Cy direction, 
w h o s e electric field distribution can be expressed as 
E { f } = 二 E o e 灿 y - ⑴ t ) 色 ( 1 . 1 ) 
incident on a perfect cylinder of radius a whose axis is along the 2:-axis, where 
cj is the angular frequency, k = 27t/X 二 u/v is the w a v e number,入 is the 
wavelength, and v is the phase velocity of this plane wave. Note that the 
complex phase factor e-'“ is omitted in the following context. 
Since the geometry of this system is a cylinder, it is better to begin our 
derivation in cylindrical coordinates s h o w n in Fig. 1.1. Hence, the electric field 
2 
Chapter 1. Introduction  
M 八 八 八 八 八 八 八 
匕少 
Figure 1.1: Geometrical arrangement for a plane wave scattered by a perfect 
cylinder. The z-axis is directed out of the sheet 
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distribution of the incident plane w a v e can be written as 
E{f) 二 Eoe气=Eoe认口小色z 
+ 0 0 
=Eo Jm[kr)e爾小色” (1.2) 
m=—oo 
where is the Bessel function of the first kind, the corresponding ex-
pression for the magnetic field can also be gotten from this formula. W e find 
that the incident plane w a v e is a linear superposition of cylindrical m o d e s 
Jm{kr、e— with different m o d e n u m b e r s m = 0, ± 1 , ± 2 , ± 3 , .... T o get the 
scattered and internal field caused by the scatterer, w e apply the boundary 
condition, Eqs. (4.5), on the surface (r 二 a) of the cylinder and get the expres-
sions both for the internal fields and for the scattered fields of each cylindrical 
m o d e , the internal field is 
= (1.3a) 
and the scattered field is 
丑⑷肌(0 二 , (1.3b) 
where H ^ \ x ) is the Bessel function of the third kind (also called the Hankel 
function), n = 1/yfe^ is the refractive index of the scatterer, and the complex 
4 
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coefficients of the internal field 
^m — ⑴ / 
(X) - nJj{nx)H^\x) 
= — , (1.4a) 
™ J“ncc)H2) (X) — n J j ( n x ) I I ^ \ x ) 
a n d those of the scattered field 
^ Jmij^工、Jm (工）—几 Jm (jlX) Jm (工) /-i \ 
P m = , 、丄.娃。j 
{x) — nJm\nx)Hin\x) 
where x = ka is the size parameter. Note that Jm{x) is related to i^m^(x) by 
= Jm{x) + iYmi^), where is the Bessel function of the second 
kind (also called the N e u m a n n function or Weber's function [14]), and w e have 
applied the Wronskian between and Ym{x) ,Eq. (C.4a) in the appendix 
of this thesis, during the simplification of Eq. (1.4a). 
F r o m Eq. (1.4b), w e get 
Jm{nx)Jm'{x) - nJm\nx)Jm{x) 
曰讯二 — {Jm{nx)Jm'{x) - nJm'{nx)Jm{x)) + I {Jm{nx)Ym'{x) — nJm\nx)Ym{x)) 
Jm{nx)Jm' {x) - nJm' {nx)Jm{^) 
— Jm(nx)Ym'{x) - nJm'{nx)Ym{x) (1 5) 
— Jm{nx)Jm\x) — nJm' {nx)Jm{^) — ^  
Jm{nx)Ym\x) - nJm'{nx)Ym{x) 
Introduction of the real parameter 'dm defined by 
_ J minx) J J [x] - nJrn!{nx)Jm[x) ^ 6) 
t紐‘ 二 一 J^{nx)Yrr:{x) - nJm'{nx)Ym{x)， 、. 
leads to 
An 二 - 广 ， . ： — 每 ( 1 — e - 2 ‘ ) . (1.7) 
tan l^ rn — I z 
5 
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Eq. (1.7) tells us that there exists an upper limit 1 for the absolute value of 
f3m. This upper limit can be gotten w h e n = ±7r/2，or tani9m 二 ±oo-
P r o m Eq.(1.6), the definition of 办饥，we conclude that (proportional to 
the scattered intensity associated with the mth cylindrical m o d e ) reaches its 
m a x i m u m only w h e n 
Jm(nx)Ym\x) = nJj(nx)Ym(x), (1.8a) 
or, in another form, 
几 Jm {nx) — Yjyi^ (x) (1 8b) 
JjYiijlX^ Yrn (^) 
N o w w e return to physics from mathematics. W e find that only if the size 
parameter x satisfies Eqs. (1.8) for a m o d e n u m b e r m , the scattered inten-
sity of the cylindrical m o d e corresponding to m can reach its m a x i m u m value 
(the intensity of the internal cylindrical m o d e will reach the m a x i m u m at the 
s a m e time). In fact, from numerical results w e find that this intensity will 
be m u c h weaker from its m a x i m u m value even if x is only a little a w a y from 
the roots xq of Eq. (1.8), which tells us that there m u s t exist s o m e resonant 
m e c h a n i s m in this 2 - D M i e scattering system and this resonant p h e n o m e n a 
is called morphology-dependent resonances (MDR's). Eqs. (1.8) are central 
equations in chapter 3 for obtaining the approximate positions and widths of 
such resonances. 
Another important result for this perfect cylinder scattering system w e are 
discussing is that the m t h m o d e internal and scattered field is only related with 
the m t h m o d e cylindrical m o d e of the incident field by s o m e photon tunnelling 
effect [15,16]. In Chapter 4, w e will see that for a 2 - D scatterer whose shape 
6 
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is not so perfect (i.e., there is s o m e surface perturbation o n the surface of the 
scatterer), w e have to consider the cross coupling effects between the m t h a n d 
other m'ih order m o d e s besides this photon tunnelling effect. 
1.3 Topics in the Following Chapters 
In chapter 2, following one private communication b y H . M . Lai [17], w e get 
a general explicit formula of the b e a m - s h a p e coefficients for an arbitrary 2 - D 
m o n o c h r o m a t i c electromagnetic b e a m field, Eq. (2.25), without adopting the 
van de Hulst localization principle. It is a remarkable result since it essentially 
implies the van de Hulst localization principle. N o t e that w e also adopt this 
formula in our numerical simulation of a gaussian b e a m scattered b y a scatterer 
with surface perturbations in chapter 4. 
W e get modified approximate explicit formulas for the positions, widths for 
2 - D M D R ' s in chapter 3. T h e m e t h o d in this chapter is mainly based on that 
of C.C. L a m et al. in 1992 [1] for the 3 - D case. It turns out that the formula 
w e obtain for the position is basically the s a m e as theirs while that for the 
width is different. 
W e introduce periodical surface perturbations into our scattering system 
in chapter 4. W i t h s o m e techniques of block matrices and the approximate 
m e t h o d s for one matrix equation with perturbation developed by ourselves, 
as well as the boundary-matching m e t h o d of J.P. Barton [18-21], w e get one 
explicit first order formula, Eq. (4.22), with which w e can get the internal 
energy a n d scattered intensity of an arbitrary incident b e a m scattered by this 
scatterer. This formula does s h o w that the van de Hulst localization principle, 
which is valid for scattering of an arbitrary electromagnetic b e a m by perfect 
7 
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cylindrical scatterer, is not valid in the presence of the surface perturbations, 




Beam-shape Coefficients for 2-D 
Monochromatic Laser Beam 
In this chapter, w e consider the scattering of a 2 - D m o n o c h r o m a t i c electro-
magnetic w a v e b e a m from a circular dielectric (i.e., a cylindrical dielectric in 
the 3 - D space). A surprisingly simple expression for the so-called b e a m - s h a p e 
coefficient is obatained，and it helps a lot in our mathematical derivation in 
the following chapters. 
2.1 General Case 
T h e specific case considered here is an arbitrary harmonic electromag-
netic 2 - D m o n o c h r o m a t i c w a v e b e a m propagating within an infinite, linear, 
isotropic, nonmagnetic, nonelectrically conducting, h o m o g e n e o u s media. A 
cylindrical coordinate system (2-D case) with the origin at the scatterer cen-
ter is chosen. T h e initial part of the theoretical development is similar to 
the plane-wave Lorenz—Mie theory as presented in B o r n a n d W o l f [24, pp. 
9 
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759-789]. All electromagnetic quantities are a s s u m e d to vary in time as 
(monochromatic case) (This complex exponential term is dropped from all 
subsequent expressions.). 
T h e general 2 - D electromagnetic field is obtained b y expressing the field 
as a s u m of t w o subfields: the magnetic w a v e field ( T E m o d e , designated 
b y the superscript te) which is a s s u m e d to have a zero radial electric field 
c o m p o n e n t {^^Er = 0) a n d the electric w a v e field ( T M m o d e , designated b y 
the superscript t m ) which is a s s u m e d to have a zero radial magnetic field 
c o m p o n e n t 瓜Hr = 0). T h e advantage of m a k i n g this separation is that each 
subfield is simply described by a scalar function. In terms of the scalar function 
associated with the T E m o d e a n d the scalar function associated with 
the T M m o d e C ^ F ( ^ ) , the electromagnetic field c o m p o n e n t s are 
_ 二 估 職 + 点 i ^ J r 嘛 — ( 2 . 1 ) 
_ =。-te 聊 z + 1 專 - ( 2 . 2 ) 
_ = { i J f 離 — + t m 丑 ( 印 z (2.3) 
a n d 
m = - - — i P ^ m e ^ ) + o t m F ( f )‘ （2.4) 
、) V \kr d(t) kdr / 
In Eqs. (2.1)-(2.4), e。is the permittivity and /x。is the permeability of free 
space; er is the relative permittivity (dielectric constant) and fir is the relative 
permeability of the material in which the electromagnetic propagates; k = co/v 
is the w a v e n u m b e r where v is the phase velocity of the wave. B o t h and 
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tm 丑(尸）satisfy the Helmholtz equation 
(•2 + /c2)n 二 0. (2.5) 
Note that the electromagnetic field described by Eqs. (2.1)—(2.4) with the 
condition of Eq. (2.5) can be derived from Maxwell's equations b y direct sub-
stitution. 
Instead of choosing a series solution with a form corresponding to that 
for a particular transverse polarized plane w a v e propagating along the y-axis, 
the m o s t general separation of variables solution of the Helmholtz equation in 
cylindrical coordinate is chosen as 
+ 00 
n= ^ [B J^mM + (2.6) 
m=—oo 
where the beam-shape coefficients A m and B m are arbitrary constants deter-
m i n e d by the shape of the b e a m field. It is at this point that the derivation 
for an arbitrary incident b e a m differs from the traditional derivation for an 
incident plane wave. 
B o t h the T E w a v e and the T M wave scalar functions for the incident field 
(designated by the superscript i), the scattered field (designated by the su-
perscript 5), and the internal field (designated by the superscript w) can be 
expressed in a form consistent with Eq. (2.6). (In the following, the subscript 
int refers to properties within the circle or cylinder and the superscript ext 
refers to properties outside the circle or cylinder.) For the incident field 
+00 
；⑷(r—) = 切 B m J 泰 ( 2 . 7 a ) 
m = — 0 0 
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a n d 
+00 
tm丑⑷(f) = HoJ2 t m ^ 口 4 ‘ x t r y — , (2.7b) 
m——oo 
where the Bessel functions Y m have been excluded since these functions are 
u n b o u n d e d at the origin and the incident field (beam) should be describable 
everywhere, including the origin of course. For the scattered field 
+ 0 0 
te 丑⑷(r") = EoJ2 1 m 聰 々 爾 t (2.8a) 
m = — 0 0 
a n d 
+00 
tm//⑷（f^ = H o Y , - 0 m 聰 k e 身 - 伞 , (2.8b) 
m=—oc 
where only the Bessel functions H ^ ^ are chosen since these functions, in the 
limit of large r (far field), correspond to outward travelling cylindrical waves, 
appropriate for the scattered field. For the internal field 
+00 
te 丑 巧 = E o Y 1 teamJm〔kntr)e_t (2.9a) 
m = — 0 0 
and 
+00 
t m 丑 ( 2 . 9 b ) 
m = — 0 0 
where, once again, the Bessel functions Y m have been all excluded since these 
functions are u n b o u n d e d at the origin. 
Substitution ofEqs. (2.7a)—(2.9b) into Eqs. (2.1)-(2.4) provides expressions 
for the incident, scattered, and internal electromagnetic fields. For brevity, 
only theoretical derivation for T E m o d e components is given in this thesis 
and similar results about T M m o d e components can be gotten with similar 
12 
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m e t h o d . 
Since both the scattered field a n d the internal field are determined b y the 
incident field, w h a t w e should get first are the beam-shape coefficients of the 
incident b e a m ^^Bm- B y expanding Eq. (2.7a) into Fourier series of (/>, w e can 
get, 
1 / 1 r+oo \ 
估Bm = ^ J ‘ � / (巧 e - —却 ， （2.10) 
2沉Eq \Jm[kextr) J-oo J r=ro 
where r。can be arbitrary radius provided that (f) satisfies Eq. (2.5). 
T h u s w e get general expression for the beam-shape coefficient for arbitrary 
T E m o d e incident b e a m field though it is not so practical m o s t time since it 
is not so easy to solve the infinite integral in Eq. (2.10). 
2.2 Plane Wave Case 
For an incident sinusoidal plane w a v e of the T E m o d e propagating along 
Cy direction, the electric field of it 
E{f) = Eoe'^ -y = Eoe'^y, (2.11) 
can be expressed as 
E{f) = Eoe认小 (2.12) 
in cylindrical coordinates system. U n d e r the help of the generating function 
of Bessel functions, Eq. (C.3), and substituting t = e诗 into this generating 
function, w e can get 
+ 00 
严 E 场 y — (2.13) 
777,= —oo 
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W e find that 
+ 0 0 
m = E o J m i k r y t (2.14) 
m— — oo 
C o m p a r i s o n between Eq. (2.14) a n d Eq. (2.7a) shows in so m a n y words 
that for this plane incident w a v e case, its beam-shape coefficients, 
Bm = 1 (2.15) 
for all m o d e n u m b e r s m = 0, ± 1 , ± 2 , ± 3 , ...，which is such a surprisingly 
simple expression that can be gotten without applying the general formulas 
for beam-shape coefficients, Eq. (2.10). It tells us that the plane wave can be 
separated as the linear superposition of different cylindrical waves with equal 
beam-shape coefficients. 
If the incident plane wave does not propagate exactly along Cy direction but 
along a different direction Ck 二 sin7谷工 + cosily that parallels to the x-y plane 
where 7 is the angle from 4 to Cy (sin 7 : then the field distribution is 
E{f) - Eoe^^krsM则 (2.16) 
in this case. W e get a similar result of the beam-shape coefficients to Eq. (2.15) 
with the s a m e method, 
Bm 二 e— . (2.17) 
It shows that, generally the beam-shape coefficient for arbitrary plane wave 
is not always the constant 1，but with an additional phase factor e而飞 which 
is related to the m o d e n u m b e r m, as well as the propagating direction ik, and 
this is mainly due to the coordinate system selection or due to a rotation of 
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the coordinate system. 
2.3 General Case of An Arbitrary Beam 
For a 2 - D laser b e a m of single frequency, its electric field can be expressed 
as 
= E o - ^ f 
々 2ti J _k 
= E o - ^ 广 E ^ J e 认 砍 工 , (2.18) 
V27r7-/c 
where the phase factor e—— has been omitted since a monochromatic b e a m is 
considered in our case and ky = {k^ — K^f 丨]==、⑴”一 kjf,]. 
Since 
k • r = krsm{(f) + 7), (2.19) 
w e get that 
+OQ / 1 ^ + 0 0 \ 
= E o y / J秦>徵小 
+ 00 
二 (2.20) 
m = — 0 0 
where the beam-shape coefficients for this case 
1 r+00 
台讯二‘ 色叫已同dki. (2.21) 
V STTJ-OO 
W e get another general expression for the beam-shape coefficients of the 
incident field by separating the field into the superposition of different plane 
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waves with different propagating direction. For a broad b e a m propagating 
along the Cy direction with the transverse size of the focal point 2<7 satisfying 
the condition, 
ka》1, (2.22) 
E{kx) is d o m i n a n t only in a very small k domain, 
A / g � �l / a 《 A ; , (2.23) 
a n d w e m a y approximate 
. _ i kx kx \ f kx\ 
7 二 sin T = T + . 
〜 ( 2 . 2 4 ) 
k 
Substitution of this result into Eq. (2.21) leads to 
B 饥 〜 = . (2.25) 
V27r J-/c 必 0 (a:=m/A;,y=0) 
This expression, which w a s first obtained by H . M . Lai [17], is a remarkable 
result that the beam-shape coefficient with the m o d e n u m b e r " m " is approxi-
mately equal to the value of the incident field at a distance m/k from the center 
of the scatterer. It gives a precise meaning to the van de Hulst localization 
principle [25 . 
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Chapter 3 
Modified Explicit Asymptotic 
Formulas for the Positions， 
Widths of Resonances in 2-D 
Mie Scattering 
3.1 Introduction 
T h e scattering of electromagnetic waves from a uniform dielectric disk or 
cylinder (2-D case) of refractive index n, also called 2-D M i e scattering, has 
long been a subject of interest both experimentally a n d theoretically. T h e use 
of intense monochromatic laser illumination led to renewed interest over the 
past decade, with m u c h attention devoted to nonlinear optical p h e n o m e n a , 
a n d to the nontrivial modification of atomic transitions in the droplet——the 
so-called cavity q u a n t u m electro d y n a m i c effects. 
T h e m o s t crucial variable describing 2-D M i e Scattering is the size param-
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eter x 二 ka, where a is the disk radius (typically tens of micrometers) and k is 
the w a v e n u m b e r in v a c u u m . Current interest lies principally with large radius 
{x > 1), for which the scattering exhibits a complicated angular pattern due 
to interference a m o n g m a n y partial waves, a n d m o r e important, also sharp 
peaks corresponding to morphology-dependent resonances (MDR's). T h e res-
onances can be extremely narrow, with theoretical quality factor Q as high as 
1020 or m o r e for a perfectly round, homogeneous, a n d transparent disk. T h e 
small widths imply long storage times for photons a n d the possibility of strong 
optical feedback, m a k i n g nonlinear and stimulated optical processes specially 
interesting. 
T h e detailed analysis of these optical processes usually m a k e s use of the 
full apparatus of M i e scattering theory, which is c u m b e r s o m e algebraically and 
even computationally (especially for large x), and moreover tends to obscure 
the physical ideas, which are often simple. It should be possible to capture the 
m a i n features of processes dominated by M D R ' s if one k n o w s the positions, 
widths of these resonances. In this context, the present chapter provides ex-
plicit and accurate asymptotic formulas for the M D R positions (section 3.2), 
widths (section 3.3); these formulas are valid for large size parameter x and 
allow the user to bypass the details of M i e theory in the interpretation of 
experiments. 
For resonances with an angular m o m e n t u m m, the size parameter x lies 
in the range m/n < x < m (see Section 3.2), with narrow widths for x ^mjn 
(low-order resonances) and m u c h larger widths for x〜 m . Historically, the m a i n 
interest lies in elastic scattering; in this case, with the m a x i m u m scattering in 
each partial wave bounded by unitarity, the scattering signal for broadband 
incident light or in the absence of good wavelength resolution would be propor-
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tional to the width. Therefore, theoretical interest w a s also centered on this 
regime, a n d Probert-Jones has obtained formulas for the resonance parameters 
that are accurate for x ^ m. M o r e recent interest is o n nonlinear optics, which 
typically goes as exp(^r), where ^ is a gain coefficient characteristic of the 
optical process, a n d r is a storage time, given by r 〜(width of resonance)"^; 
therefore our attention will be placed o n the narrow low-order resonances with 
X 〜m/n. 
In Section 3.2, the derivation of the asymptotic formula for the position 
Xm,i of a n M D R (2-D) of m o d e n u m b e r m a n d m o d e order (order n u m b e r ) 
i are given. These formulas are c o m p a r e d with numerical results from Mie's 
theory a n d with existing formulas in the literature. T h e formulas given here 
are sufficiently accurate to be potentially useful for identifying the q u a n t u m 
n u m b e r s of the M D R ' s , which is important for understanding optical processes 
that are strongly dependent on the Q values. 
Section 3.3 provides the derivation of the widths, a n d a comparison with a 
formula in the literature. 
For the benefit of readers w h o wish to bypass the derivations a n d use 
the results directly, the asymptotic formulas for the positions a n d widths are 
s u m m a r i z e d next. 
3.1.1 Positions 
The MDR's are labelled by a mode number m and an order number i. The 
index i is essentially the number of radial peaks inside the disk. We find that 
the position Xm,i of such a mode in a disk of refractive index n can be expressed 
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as a series in m— 
〜 = m + _ + 
——(』—1)3/2 曙 丨 + 爪 ) , (3.1) 
where 
n, for T E m o d e s 
P = ^ (3.2) 
1/n, for T M m o d e s 
V 
a n d ai are the zeros of the Airy function Ai(—z). 
3.1.2 Widths 
T h e corresponding F W H M in the x variable is given by 
「 21 
= 4 —1)2:丑饥⑴⑷ (3.3) 
where the coefficient 
( 
1, for T E m o d e s 
# 二 ！ 2 ( v '( (3-4) 
f—‘) + , for T M m o d e s 
、\nx) yYm[x) 
with all X evaluated at Xm,i- Note that our result is slightly different from that 
of Lam et al. since we study 2-D case here and we keep more terms in our 
derivation. 
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3.2 Positions of Resonances 
3.2.1 Derivation 
A s w h a t w e get in chapter 1, by going through the standard 2-D M i e 
scattering formalism and imposing the condition that the phase shift satisfies 
exp(-2z'i^) = —1, the resonance condition for the M D R case can be written as 
p J m (几工)—^m (j^x) (3 5) 
Jm{nx) Ym{nx)‘ 
W h a t follows is nothing but a systematic asymptotic analysis of Eq. (3.5). 
It is useful to start with s o m e physical insight. For a ray with w a v e n u m b e r 
nk inside the disk striking the disk circumference at an angle 0 to the normal, 
the angular m o m e n t u m is 
m = nka sin 6 = nx sin 9. (3.6) 
B u t sin 6' ranges from unity (glancing incidence) to 1/n (the limit of total in-
ternal reflection), so w e expect n x > m > x . T h u s for large disks, m scales 
with X, and it is therefore convenient to define fi = m/x {n> fi> 1). More-
over, low-order resonances (i small) correspond to nearly glancing rays, so w e 
expect \nx — m\ to be relatively small; in fact, this difference turns out to scale 
as ml/3. In anticipation of this dependence, w e define a variable t, expected 
to be 0(1), by 
nx = m + (3.7) 
T h e n the quantities in Eqs. (3.5) m a y be expressed as asymptotic series in 
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powers of m—1/3 [14, Eq.(9.3.23) a n d Eq. (9.3.8)], 
ol/S � + � _ 
U n x ) 〜 2 1 / 3 力）1 +[力⑷ / 肌 
L j=i -
0 2 / 3 + ⑴ 
21/3力）[历⑷—2， （ 3 . 8 a ) 
爪 U 
Y ( x ) 〜 [ ^ ^ ^,(coth/?)l 
' 爪 ⑷ (^mtaiih/3/2)V2 台 V」 rrP ‘ ^ ) 
a n d similar expressions can be written d o w n for the derivatives. In Eqs. (3.8), 
A i is the Airy function, /)，gj, and Uj are k n o w n polynomials, and 
cosh 13 = {P>0). (3.9) 
T h e asymptotic expansions are then put into Eq. (3.5). W e illustrate the 
m a i n idea of our systematic analysis by showing the derivation to the first 
nontrivial order. T h e two sides of Eq. (3.5) are asymptotically 
p J J M / 2 Ai, (—2i/3t) 
〜 U J Ai(—21/3力) (3.10a) 
and 
^ ^ 〜-|sinh/?| = —( V — 1)1/2. (3.10b) 
Equating these and taking m +oo, with /x fixed (n > /J > 1), w e see that 
the powers of m can balance only if 
Ai(-2"3t) = — 0, (3.11) 
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or in other words, that the argument m u s t be close to a zero oti of Ai(—z): 
21/3 力= + (3.12) 
W h e n this is put into Eq. (3.7) and the resultant value of the size parameter 
is denoted as Xm,i, w e get 
= m + 2—i/3a 卯 1/3 + ^⑴， (3.13) 
yielding the first two terms of Eq. (3.1). 
T h e (trivial) leading term in Eq. (3.13) essentially states that the photon 
follows a circle of radius r = a and that its path length 27ra is an integral 
multiple of the wavelength X/n: 27ra 二 m(A/n). B u t in fact the m o d e energy 
is peaked s o m e small distance d inside the disk boundary, so that the photon 
path is not 27ra but 27r(a — d). This argument would lead to the correction 
term in Eq. (3.13) if w e heuristically identify 
dia 〜 2 -、 l、 m -啡 . (3.14) 
W e can obtain the higher-order corrections in Eq. (3.1) if write 
+00 
= (3.15) 
expand all the quantities in Eqs. (3.8) in powers of 爪―"？，identify like terms, 
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a n d thus determine the coefficients. For example, in Eq. (3.8a) 
Ai(-2i/3t) = Ai(-a, + A ) 
二 AAi'(—aO + (A'/2)Ai'(-a,) + •••, 
where A is the s u m in Eq. (3.15). B y the Airy equation a n d the fact that 
Ai(-ai) = 0, all the derivatives are proportional to Ai^(-ai), which cancels in 
forming the logarithmic derivative on the left-hand side of Eq. (3.5). Similarly, 
cosh/^ = — = , ^  -I/O ^o/v (3.16) 
X 1 + — A ) 
which again permits the quantities in relation Eq. (3.8b) to be expanded. 
Carrying out this evaluation explicitly u p to terms of order m - * then gives 
Eq. (3.1). 
T h e detailed procedure to get Eq. (3.1) is given in the following context. 
F r o m the basic equation of 2 - D M D R ' s Eq. (3.5), for the left h a n d of 
Eq. (3.5) , , 
p Jm (几I) — p Jm ( m + tmi/3) (3 17) 
Jm{nx) Jm{m + 力ml/3) • 
For the numerator, 
- J m ' { m + tm”, 
= 2〜 - 2 / 3‘ ( - 2 i / 3 t ) { l — \tm-奶 + 0(m-4/3)} 
U 
qy-3 — 1 
U 
= 2 2〜 - 2 / 3 ( 1 — . m - 2 / 3 ) ( l — 专 A 2 + 全 A3) 
qy-3 — 1 
5 
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=22/3^-2/3(1 — 〜 十 —芸tm-2/3) 
2 3 5 
5 
=22/3^-2/3(1 _ 〜 2 + 1 ^ 3 — l 2 - i / 3 m — — A ) ) 
z o 0 
—2i/3m-4/3(品（a, — A)3 — i ) A + 0(m—2) 
=22/3^—2/3(1 —尝 ( C i 2‘2/ 3 + ^CC^TU-') + ^ d ^ m " ^ — 尝 2 — 丄 〜 卯 
2 o o 
+ — 21/3 ^ ^ ^ C i m — + 
5 10 
=22 〜 - 2 / 3 ( 1 —(尝 Ci2 + 〜 ) m - 2 " + ( Ic i^ + 尝 
2 5 o 0 
二 2i/3m-2/3{2i/3 —、2-叫 c W + 尝 aOm—2/3 
0 
+ (去2i/3ci3 + ci - — + (3.18) 
a n d for the denominator, 
+ (3.19) 
二 — \ t m * + 
o 
+ 2 2 / 3 m- W ( — 2 1 / 3 力)力 2 + - V 2 / 3 + o ( m - 4 /”} 
=2i/3m-i/3(l — 2/3)(A — 苦 A 3 + - A , 
+ 22 〜 - 1 (吞力 2 + z i ! ^ 肌-2/3)(i — + 0 ( m - 2) 
=2i/3m-i/3(A —孕 A3 + I A ^ —去力 m-2/3A) 
D 12 0 
+ 22/3rn-i( A 力2 + z l Z ^ ^ - 2 / 3 — + O ( m - ) 
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= 2 i / 3 m - i / 3 ( A — 警 A 3 + — i / 3 m - — A ) A ) 
+ 2 2〜 - 1 (品 2 - 2 / 3 ( a z — A ) 2 + - A ) 3 + 。 m - 2 / 3 
二2i/3m-i/3{cim—1/3 + 2/3 + (C3 — -
D 5 
+ (C4 — + 知 4 + 丢 2-1 � 2 — j 2 - l � + - 4 / 3 } 
+ 2 2 / 3 肌 — + (ci^ — 2 — m * 、 
( - L W + 2 — _ ^ 2 - 2 / 3 A � 2 )肌 - 2 / 3 } 
^ 140 20 ) J 乂 乂 
a + ( c 3 - 字 ci3 - 芸 2 - 沿 ) ‘ 2 / 3 + o ( m - i ) } (3.20) 
6 5 
For the right h a n d side of Eq. ？?equ:bessel) 
yJ(工)—/sinh2/3 /yrmtanh/? + 
= V Trm V 2 + 
二 sinh/3 + 0 ( m - i ) 
二（cosh2/?-l)"2 + 0 ( m - 1 ) 
二 —l)i/2 + 0(m—1) 
/ / \ 2 
/ nm \ —1) + 
\、m + J y 
乂 \ ) 
= (1 —2tm—2/3)—l)i" + 0 ( ‘ i ) 
= ( ( n 2 - 1) — 2 n h m - 耶 + 0 [ m - ' ) 
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/ \ 1/2 
= ( n 2 — 1)1/2 1 — 部 + O ( m - I ) 
乂 ?t/ — 1 / 
= - 1)1/2 ( 1 — ^ ^ 力 肌 - 2 / 3 ) + 
= - 1)1/2 ( 1 — 2 - 1 / 3 _ ^ 叫 f 2/3) +。(肌—1) 
\ n^ — 1 J 
= — 1)1/2 _ 2-1/3^2(^2 - l)-l/2仅卯-2/3 + � ― ] ) (3.21) 
S o w e get one approximation equation, 
21/3 _ ( 2 — 沿 2 + lc.Om-2/3 + 0(m—i) 
p y  
Ci + (C2 + ^ 2 - 1 / 3 ^ 2 ) ^ - 1 / 3 + (C3 — 孕 —尝 2 - " ^ a 沿)771—2/3 + 0(肌-1) 
10 t> o 
(3.22) 
二 (几2 — 1)1/2 — 2 - 1 / 3 ^ 2 ^ ^ 2 — 1 ) - 1 / 2叫肌—2/ 3 +。—-” 
w e have 
0 
=(几2 一 1)1/2�1 + (几2 — I)1/2(c2 + 
+ (几2 — _ 警ci3 一 書2-1 〜 沿 ) m - 2 / 3 
—2—1/3几2(几2 — 1 ) — 沿 m—2/3 + O ( m - I ) (3.23) 
2i/3p =(几2 — 1 ) 1 � (3.24) 
C2 + = 0 (3.25) 
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- ( 2 — 而 2 + 
0 
= ( n 2 — 1)1 〜 - — 書 2 - i / W i ) 
- 2 - i / 3 n V - 1 ) 一 〜 1 (3.26) 
CI = 2 l / 3 i V - l)-l/2 
< 二 (3.27) 
— 2PV3 ^ 
二-(ns —1)3/2 以7 
A 二 2 i / 3 p ( y — l)- i /2m-i/3 
—务 2/3 (3.28) 
t 二 2 - i /3 (a厂 A) 
二 2 - 1 〜— i V - l ) - l /2m-l/3 + ^2-2/3^^2^-2/3 
-2-"3 p?2「2 二〈 3 _ _ 1 + 肌 (3.29) 
(n^ — 1尸 / � 
. A t last, w e get the formula for 2 - D M D R ' s , Eq. (3.1) and Eq. (3.2). 
3.2.2 Numerical Comparison 
Figure 3.1 shows the 2 - D M D R ' s positions in a plot oinx-m versus m^/^ 
T h e solid lines represent results by the asymptotic formula Eq. (3.1), which 
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w o u l d b e straight lines to the extent that the m — a n d m - 耶 terms could b e 
regarded as negligible, or as constant over a limited range of m ; the points are 
the exact 2 - D M i e scattering results, obtained b y solving E q . (3.5) numerically 
near the approximate results b y Eq. (3.1). T h e agreement is good, especially 
for the low-order resonances a n d for relatively large refractive indices. 
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Figure 3.1: nx - m for both T E a n d T M resonances are plotted against m、丨、 
for n 1.33, i = 1, 2, 3; n 二 1.33，z = 8,9,10 a n d n = 1.50, < 二 8, 9,10. 
T h e locations predicted by Eq. (3.1) are c o m p a r e d with the numerical re-
sults in Fig. 3.2 a n d Fig. 3.3. W e can see that Eq. (3.1) is explicit a n d shows 
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the dependence o n different polarization ( T E or T M m o d e ) . 
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Figure 3.2: A p p r o x i m a t e 2 - D M D R ' s positions of both T E a n d T M resonances 
obtained from the result b y L a m ' s m e t h o d (square dots) a n d that of ours (circle 
dots) are normalized to the exact values Xnie a n d plotted against order n u m b e r 
i for the refractive index n = 1.33，and the m o d e n u m b e r m 二 130. 
3.2.3 Separation 
For m a n y purposes, for example the identification of the q u a n t u m n u m b e r s 
from the m o d e pattern, the separation Ax^^i = Xm+i,t — 0Cm,i m a y be m o r e 
useful. W e obtain directly from Eq. (3.1) that 
2 — 1 / 3 2 — 2 / 3 
nAXm,r 二 1 + 卯 - 2 / 3 一 _ ^ 〜 2 肌 - 4 / 3 
+ [ ？ 二 3 ) — g ^ P ‘ 5 / 3 + o(‘2).(3.30) 
3 (ji/ — 1 尸 " 9 _ 
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Figure 3.3: A p p r o x i m a t e 2 - D M D R ' s positions of both T E a n d T M resonances 
obtained from the result by L a m ' s m e t h o d (square dots) a n d those of ours 
(circle dots) are normalized to the exact values ^ M ie a n d plotted against m o d e 
n u m b e r m for different n and order n u m b e r i. 
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3.2.4 Conclusion 
W e get the s a m e result as L a m et al. several years ago a n d find their 
results can be applied to 2 - D case, too. However, it m u s t be noticed that 
the approximate formulas of the Bessel functions w e adopted are not always 
correct. It is only correct in the narrow range near m. So the approximate 
formulas of M D R ' s position w e got is only valid for those relatively lower-order 
M D R ' s modes. 
3.3 LineWidth 
A convenient m e t h o d of finding the linewidth is to go to the complex k 
plane, a n d w e define the complex size parameter z 二 ka 二 x + iy. T h e log-
arithmic derivative of the inside solution is PJj{nx)/Jm{nx), while for the 
outside solution it would be Hm⑴'、z) /hJ•〜、if w e allow only an outgoing 
wave, where 丑爪⑴(z) is the Hankel function of the first kind. There will in 
general be a mismatch 
M ( 和 ( 3 . 3 1 ) 
Rm⑴(Z) Jm{nz) 
and the resonance position, which w e denote as zq = Xq + iyo, is defined by 
M(zo) = 0. In other words, at such a value of z, the solution can satisfy all 
the following conditions: (a) regular at the origin, (b) only an outgoing wave 
at infinity, (c) continuity of the wave function, and (d) continuity of the normal 
derivative; whereas at other values of z w e m u s t give u p at least one of these 
conditions, say (d), expressed as a nonzero value of M{z). 
T h e detailed procedures to get the F W H M of 2 - D M D R ' s is s h o w n in the 
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following context 
F r o m the Bessel differential equation [14, Eq. (9.1.1) 
n'x'fm"{nx) + nxfJinx) + — m')fm{nx) = 0， (3.32) 
w e have 
fm"{rix) 1 fm'jnx) I / ( 肌 ( 3 33) 
fm{nx) nx fm{nx) \ \nxJ J • 
Also from the Wronskian of Bessel Function, 
= — (3.34) 
7TX 
w e can s h o w that 
丑 爪 ⑴ ⑷ ⑷ ] 二 [ ( J • 肌 ⑷ ⑷ ⑷ ] 
= J m {x),Ym{x)]+i [Ym {x),Ym (x)； 
一 2 
Tlx 
SO , , 
Y m ' M _ H m⑴ ( x q ) = 2 (3 35) 
Ym{xo) Hm⑴(工0) THTol^饥(>0)丑饥⑴⑷ 
W e can expand M(z) near zq, the root of the complex equation M{z) = 0. 
M{xo) 二 M [{xo + iyo) — iyo 
=M{zo — iyo) 
=M(zo) - tM'(zo)yo + O(yo^) 
= - z M \ z o ) y o + 0(yo') (3.36) 
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This leads to 
丑 《 ) 、 , ⑷ — p J n ^ p ^ = -zM'{zo)yo + O(yo^) (3.37) 
丑 m � Oo) Jm{nXo) 
and then 
⑷-pJrn'jnxo) = 2 ——,M\zo)yo + OO/o”. 
Ymioco) Jm{nXo) 7TXoYm{xo)Hm^ \Xo) 
Since 
Ym jxp) — pJm'jnxo) 二 0 
Y m M Jm{nXo) ‘ 
w e have 
咖 。 = 樣 W 。 ) + 、 2 ) . (3.38) 
3.3.1 TE Mode 
For T E M o d e 
丑 饥 ⑴ 〃 ( 么 0 ) 丑 饥 ⑴ ( z o ) — ( i / J i ) � z o ) ) 
M ' ( z o ) = ( � A  
� / , \ 2 
qJ: {nzo)Jm〔nzo) —、Jm {nzo)^ 
几 Jrr?{nZQ) 
= ( H m ⑴ " Q z o ) 厂 y : — ) 、 
— ( F j l , ⑷ 丫 (jrrlinz,)^ 
— ) ~ \ Jminzo)； 
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— 1 Jjjrizo) I ( 1 / m y A 
nzo Jm(rizo) y \nzoJ 
_ -1H爪⑴、zo) I / / m y y 
hJ'^zo) V U o / J 
1 ( Jm\nzo) —— j j , —— 
y Jm{nzo) 丑饥⑴ Oo) y 
[\ Uo； y V V。y. 
= n ^ - l . ( 3 . 3 9 ) , 
W e get 
- l)yo 二 V ( L ⑴ ， , + 训2), (3.40) 
and 
2 2 
“ 。 = - l)xoYUxo) [-Ym{xo) + iJU^o)] + 〇、恥) 
2 2 
—7T{n^ - l)XoYm{xo) [Ym{xo) 一 iJm(^o)] 〇〔加 ^ 
二 , (l + + O O / o ) (3.41) 
兀 — 1 ) 工 o| 丑爪(i)(工 0 ) 1 、 (孙）乂 
Subsequently 
yo = (3-42) 
- l)xo Hj'\xo) 
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and, as a result 
rxE = -2^0 
二 2 + O(yo'). (3.43) 
7r(n^ - l)xo H 爪 ⑴ ⑷ 
3.3.2 T M Mode 
For T M M o d e 
/ 2 
H饥⑴'\zo)Hj” ⑷-（Hj”'⑷、 
M'{zo) 二 A  
(丑 r n⑴⑷） 
// / ^ \ 2 
Jm\nZo)Jm{nZo) — [Jm (几之 0 )夕 
Jm\nzo) 
= / J : ( n z o ) � 
_ 、 丑 爪 ⑴ ⑷ Jminzo) J 
— f f f J ' ^ \ z o ) y fjJ(nzo)y 
—\hJ'\zo) ) — [ Jm{nzo)) 
• • 
= - 1 ‘V。） I / ( m V Y 
nzo Jmirizo) y \nzoJ y 
卜 ⑴ ' ⑷ 丨 （ 1 ( m 丫 丫 
V n^y Jm{nzo) ^ 
.o m 
V , ( 1 �� 
一 [nzo J yn Jm{zo) y 
— 一 
36 
Chapter 3, Modified Explicit Asymptotic Formulas for the 
Positions, Widths of Resonances in 2-D Mie Scattering  
- 2 -
= ( n 2 - l ) f — V + f ^ ^ l + 0 ( y o ) (3.44) 
\nxoJ y y 
_ —^ 
.,2 1、\f m y , to孙)、2 
- 1 ) — + V ( 、 yo 
\nxo J 乂 l^mOro) y 
• • 
7nz:。y“:r。)丑Ji)(a:。) + ( " 。 ） （ ） 
/ 2 \f m V I fYm\xo)y 
几 — 1 — + 、，/、 yo 
\nxo J yYm{xo) J 
— 」 
2 2 
7TXoYm{xQ) [Ym{xo) - ^Jm(^o)] ^ 
= 2 + (3-46) 
冲 J 、 。 ) | 、 糊 乂 
yo 二 p ^ + 0(yo'),(3A7) 
1、广 w、2 fYj(xo)] 口 (1), 、2 
n2 - 1 ——+ 、 ， ， 、 TTXo Hm^ \Xo) 
^ \nxo J yYm[xo) y 
F t m r — — 2 / 4' + •2),(3.48) 
( n 2 - l ) ( - ^ ) + 销 ） 丑 J i ) ⑷ 2 
、 \nxo J y y^(xo) y 
一 — ' 
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3.3.3 Conclusion 
In the end, w e conclude that 
rMie 〜 (3-49) 
一 1 ) 邏 0 丑 爪 ⑴ ⑷ 
where 
/ 
1, for T E m o d e , 
( — ) + , for T M m o d e . 
、Vnxo) y 
T h e result Eq. (3.3) can be used either by substituting the exact positions x 
(obtained numerically from M i e theory or from experiment) or by substituting 
the asymptotic values of x as given by Eq. (3.1). B o t h yield good agreement 
with the exact widths, as s h o w n in Fig. 3.4 and Fig. 3.5. 
T h e width increase with the m o d e order z, and also in general the T M 
m o d e s are wider. These dependences are expressed implicitly through the 
variation of the value of x in Eq. (3.3) with i and polarization ( T E or T M 
modes). 
In fact, w e can get similar result for spherical case by the s a m e method. 
O u r result for the spherical result is 
rmie 二 (3-51) 
(n2 - l)Nxo^ h饥⑴(cco) 
where 
( 
1, for TE mode, 
f ^ ^ y , for TM mode 
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w h e r e y爪 is spherical N e u m a n n function a n d /irn⑴ is spherical H a n k e l function. 
3.4 Conclusion 
W e have developed systematic asymptotic formulas for both the positions 
a n d the linewidths of the M D R ' s from the m e t h o d s of L a m et al. [1], which 
have been checked against exact numerical data with g o o d agreement, espe-
cially for low-order resonances of large angular m o m e n t a , which are the ones of 
experimental interest. These explicit formulas will greatly simplify studies on 
the identification of q u a n t u m n u m b e r s from an experimental pattern, on their 
phase matching, etc., all of which are important for laser-cylinder interactions. 
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Figure 3.4: Approximate widths F (square dots) of M D R resonances (both for 
T E and for T M ) (normalized to exact values [Mie) are evaluated from Eq. (3.3) 
and those of L a m et al. [1] (circle dots). T/Tuie versus m for different i. T h e 
refractive index is n 二 1.33 in all the figures. 
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Figure 3.5: Approximate widths F (square dots) of M D R resonances (both for 
T E and for T M ) (normalized to exact values [Mie) are evaluated from Eq. (3.3) 
and those of L a m et al. (circle dots) [1]. T/Tuie versus i for different m. T h e 
refractive index is n - 1.33 in all the figures. 
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Chapter 4 
Effects of Surface Perturbation 
of 2-D Mie Scattering 
4.1 Experimental Background 
Solution to the classical problem of the interaction of a m o n o c h r o m a t i c 
electromagnetic plane w a v e or laser b e a m with a homogeneous, perfect cylinder 
infinite in length, which is k n o w n as the 2 - D Lorenz-Mie theory, suggests that 
a micrometer-sized cylinder, in the absence of significant absorption, is capable 
of sustaining strong resonances. 
Theoretical calculations for a focused laser b e a m incident on a perfect cylin-
der have also predicted consistent with van de Hulst localization principle (2-D 
case) that resonances should be m o s t effectively excited w h e n the laser b e a m is 
focused at a location outside the surface of the sphere, the location of o p t i m u m 
resonance excitation, r。，being approximately equal to 
m /力 1 、 
To ~ —, (4.1a) 
42 




w h e r e a is the radius of the scatterer, m is the m o d e n u m b e r of the resonance, 
Xq = ka = 27ra/Ao is the size parameter for this 2 - D scattering system, a n d k 
is the w a v e n u m b e r , Ao being the w a v e length of the incident b e a m field in the 
v a c u u m . 
However, the validity of this van de Hulst localization principle (or just 
simply called the localization principle) h a d not been experimentally tested 
until an experiment b y H.-B. Lin, J.D. Ever sole, A n t h o n y J, Campillo, and 
J o h n P. Barton in 1998 [2], though it has been widely taken for granted for a 
long time. In this paper, they reported that their endeavors to experimentally 
verify this excitation localization principle, as expressed b y Eqs. (4.1), were 
not so successful for the case of quartz (i.e., solid) spheres, a n d for the case 
of liquid droplets the excitation localization principle w a s observed for s o m e 
resonances but not observed for others. 
In their experiment, Lin et al. critically examined this localization principle 
b y experimentally studying the effect of the b e a m position on exciting efficiency 
to well-characterized droplet modes. T h e y found that the localization principle 
is g o o d only in s o m e cases but fails in other cases a n d the failure w a s attributed 
to the shape irregularities or other perturbations. 
T o explain their experimental p h e n o m e n a which obviously violate the lo-
calization principle, as well as support the hypothesis of the coupling effect 
between different cylindrical m o d e s (partial w a v e modes), Lin et al. tried to 
adopt s o m e numerical m e t h o d s based on the assumption that there is s o m e 
surface perturbation (ripple) structure on the surface of the droplet they ob-
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served. Their numerical results did s h o w that as the perturbation amplitude 
increased, the peak r shifted into the droplet, consistent with their experimen-
tal observations. 
4.2 Theoretical Derivation 
Following the idea of Lin et al. [2], w e tried to get s o m e explicit m a t h -
ematical expressions for the excitation which can help us understand their 
experiment m o r e clearly than numerical simulation. Theoretical calculations, 
especially s o m e asymptotic analytic techniques, to be further discussed a n d 
e x p a n d e d in this section as well as the appendix attached in this thesis, sug-
gest that the presence of surface fluctuations (ripple), even to the order of 
molecular-scale roughness, can explain the lack of experimental confirmation 
of the localization principle. 
In this chapter, the boundary-matching m e t h o d of J o h n P. Barton et 
al. [18,21], for determining the electromagnetic fields associated with the in-
teraction of arbitrary monochromatic light with an irregularly shaped h o m o -
geneous scatterer, is applied to systematically investigate the effects of surface 
perturbations on the quality factor Q a n d the excitation of resonances in micro-
cylinders by a focused b e a m . 
It should also be noticed that the w o r k of J a m e s A . Lock in 1999 [16] draws 
a clear theoretical physical picture about the experiment by Lin et al. [2] and 
the coupling effect between different m o d e s introduced by Lock led us a clear 
way. It is found that resonances can still be efficiently excited though not by the 
traditional coupling effect between the s a m e m o d e ("tunnelling effect” called 
by Lock) predicted by the localization principle, but b y s o m e n e w coupling 
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m e c h a n i s m between different m o d e s (" coupling effect" called b y Lock) in his 
work. 
A s s h o w n in Fig. 4.1, the classical electromagnetic interaction of a k n o w n 
incident m o n o c h r o m a t i c field (plane wave, focused b e a m , etc.) with a ho-
m o g e n e o u s irregularly shaped cylindrical scatterer located within v a c u u m is 
considered. The cylindrical scatterer is nonmagnetic (/v 二 1), and a cylin-
drical coordinate system (0, r, z) whose coordinate origin is located near the 
center of the scatterer is adopted. T h e geometry of the scatterer is described 
b y the scatterer radial shape function a{(t)) which is a s s u m e d to be a single-
valued function of the polar angle It is also a s s u m e d that the incident b e a m 
field, designated b y the superscript (z), is k n o w n , a n d the internal scatterer 
field, designated b y the superscript (w), a n d the scattered field，designated b y 
the superscript (5), are to be determined. B o t h the internal a n d the scattered 
fields are expressed in terms of general series expansions of cylindrical modes. 
Just as w h a t w e get in Chapter 2 (Eqs. (2.7), (2.8), a n d (2.9)), the series ex-
pansions for the incident, internal, a n d the scattered fields can be expressed 
as following form: 
1. the incident field, 
+ 0 0 
戰 。 二 [ 小色z (4.2a) 
m = — 0 0 
+ 0 0 
乃⑷(巧二 ^ B m C o J m M e ' ^ ' ^ e , (4.2b) 
m = — 0 0 
+ 0 0 1 
= V Bm丄(^Jrn(kr)er+iJn.\kr)e^ 广 小 (4.2c) 
乂 ) ^ uqC \kr ) 
m = — 0 0 
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y\ \4 丨 
{ -  U ‘ 
I \ y o c u s 
Figure 4.1: Geometrical arrangement for the boundary-matching method so-
lution. The z-axis is directed out of the sheet. 
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+00 1 
伊)(r，二 E Bm^c {^^rn{kr)er + iJm\kr)e^) 一 (4.2d) 
m = — 0 0 
2. the scattered field， 
+ 0 0 
戰 f ) = (4.3a) 
m=—oo 
+ 0 0 
軌 — ； ^ • 化 （4.3b) 
m=—oo 
+ 0 0 1 , 
料 r ~ ) 二 V A n 丄 O丄、释r + {kr)eA e憶办(4.3c) 
uqc \kr / 
m——oo 
+⑷ 1 / m / X 
m f ) 二 Pm- + 二 、 { k r ) e , ) e — (4.3d) 
c \kr ) 
m——oo 
3. the internal field, 
+ 0 0 
料 f ) 二 amJminkry爪办ez (4.4a) 
m——oo 
+⑷ 
= c^mereoJm(nkr)e'^^e, (4.4b) 
m = — 0 0 
+ 0 0 1 
H^-Uf) 二 〜丄 ( ^ J m { n k r ) e r + zuJ^'{nkr)eA e徵小 (4 .4c ) 乂 ) ^ uqC \kr ) 
m = — 0 0 
+ 0 0 1 
挣-)( , )二 a爪 i + m j J { nkT )eA e徽小 ( 4 . 4 d ) 
\ 7 c \kr ) 
m=—oo 
At the surface of the scatterer, both the tangential components of the 
electric field E and those of the magnetic field H are continuous 
en X (应⑷+启⑷）=e, X应(⑷ ， （4.5a) 
T=a{4>) 
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and 
谷 n X ( 应 ⑷ + 应 ⑷ 豆 ( ⑶ ） ， （ 4 . 5 b ) 
r—a{4>) 
where the n o r m a l vector e^ is an outward unit vector perpendicular to the 
scatterer surface. Equations (4.5) are the functions of 小 only, a n d they can be 
expanded as the superposition of various cylindrical m o d e s a n d then matched 
m o d e b y m o d e . W e get a set of simultaneous linear, algebraic equations that 
can be solved for the series coefficients of the scattered fields (3m and those 
of the internal fields T h e series expansions can be used to calculate the 
electromagnetic field components anywhere, either internal or external to the 
scatterer, provided that the series coefficients have been determined. A t the 
s a m e time, Equations (4.5) also tell us that there is no coupling between T E 
and T M m o d e s for the 2 - D case w e are discussing though this result is not 
always correct for the 3 - D case. 
Detailed mathematical calculations are performed in the following context. 
Substitution of Eqs. (4.2)，(4.3), and (4.4) into Eqs. (4.5) leads to 
+ 00 +00 
小二 ^ (J•肌⑷召爪 + 丑i” ⑷ A n ) e•於 （4.6a) 
m = — o o m 二 _ o o 
and 
+00 -
y ^ i—Jm (nx) sin 0 + inJm' {nx) cos 0 ) a 饥 一 
^ L V X 乂 」 
m = — o o 
(~Jm{x) sine + zJrr^ix) COS O) B 爪 E 一 
+00 、工 , 
二 E + , ( 偏 ） 
爪―(-H^^ (x) sin 9 + iH^U^) cos i) [3爪e— 
\ 工 J 
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where x((/))三 ka{(j)), and the angle from the outward n o r m a l vector e^ to 
the radial vector e。is solely determined b y the shape of the scatterer surface 
a � 
i^neu) 二 (4.7) 
r d(p 
T h e two algebraic equations Eq. (4.6a) and Eq. (4.6b) w e just get are valid 
for any position (0, a((/)), z) on the scatterer surface. 
Since both a((/) + 27r) = a(0) and a:((/) + 27r) = are periodic functions of 
(j) with a period 27r, w e conclude that 6{(j)) and the equations in (4.6) m u s t also 
be periodic functions and equations of the variable 小 with the s a m e period. 
T h u s w e can expand both sides of the equations in (4.6) into Fourier series 
a n d get 
+ 00 +00 
E (々 ：J《'，Xl 二 E y:，A (‘8a) 
m=—oo m=—oo 
and 
+ 00 +00 
E = E (4.8b) 
m——oo m— — oo 
where in Eqs. (4.8) 
I L 、 = i f J 特 * 一 、 , (4.9a) 
1 : 、 = - 1 [ ， 卷 、 6 一 、 , (4.9b) 
二 丄「d(P (-Jm{nx) Sin 0 + in J J (nx) cos o) e 认“、小,(4.9c) 
丄「(，H仏:L) + m f [J：) cos §) e—-爪、、(4.9d) 
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and 
y i , = ^ r 如 一 饥 ' 讨 , (4.10a) 
Y \ =丄「d小("^Mcc) sin§ + iJm'[x) cos§)已讯、. (4.10b) 
饥，爪 27TiJ_^ V X } 
B o t h the integrals I讯饥 in Eqs. (4.9a) to (4.9d) a n d Y义爪 in E q s (4.10a) a n d 
(4.10b) are solely d e p e n d e n t u p o n the shape of the scatterer a(0). N o t e that 
w e have introduced "i" in E q . (4.9c), E q . (4.9d), a n d E q . (4.10b) for later 
purpose 
of simplicity (see E q . (4.15) a n d E q . (4.20)). 
O u r m a i n task is h o w to solve equations (4.8). H o w e v e r , they are not so 
easy to solve because of their infinite size a n d complicated form. O n e explicit 
matrix f o r m of t h e m are necessary for farther m a t h e m a t i c a l derivation 
(I、 P, \ (am\ (Y\ 。 a M 
m ,m m ,m 爪 _ ^ ^ m ,m B爪 
y l ' , m 々 r j V ^ - y m = — 0 Y^^^J J 
+00 / y ^ l � 
= y 饥爪 Bm, (4.11) 
V2 
m二一00 , I / ； 
\ m ,my 
a n d it can b e written as 
+00 +00 
E ,饥X讯=E 真 = ( 4 . 1 2 ) 
m——oQ m=—oo 
w h e r e the simplified symbols 
p \ 
I , = 饥'，爪 爪'’爪， (4.13a) 
\ m ,771 m ^m / 
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/ \ 
X 一 """"， （ 4 . 1 3 b ) 
。 ） ， 、 
爪’爪 ， (4-13C) 
� 0 
\ m、m J 
/ \ / \ 
A n 二 1 B 一 ， (4.13d) 
W v - J 
a n d 
+ 00 
- E Y m ' ,』 m . (4-13e) 
m=—oo 
Listing all the equations in Eqs. (4.12) in the order of the m o d e n u m b e r 
m from —oo to + o o leads to a matrix equation w h o s e size is infinite 
= = (4.14a) 
or 
IX = YB 二 B. (4.14b) 
In this way, w e will not be concerned about the u n k n o w n variable a爪 and P m 
but the block matrix X m hereafter. This is one of the m o s t significant tricks of 
us w h e n dealing this 2 - D M i e scattering system. However, it is still an arduous 
task to find corresponding block matrices w h e n dealing with 3 - D case because 
the coupling between I a n d m has to be considered in that case. 
W e find one matrix equation for the 2 - D system w e are considering so far 
a n d w e can k n o w everything about the system once w e solve this oo x oo m a -
trix equation though it is still complicated. Barton also got similar matrix 
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equations w h e n he tried to solve the 3 - D M i e scattering problem. Neverthe-
less, w e do not adopt the numerical m e t h o d Barton applied in his w o r k but 
try s o m e other perturbation m e t h o d s to find s o m e explicit results (though 
approximative) a n d m o r e physical idea can be discovered. 
A s a simple verification to the block matrix theory just developed, let 
us consider the perfect cylindrical scatterer case (a((/))三 a。and 三 a:。 
independent of 0) once again. Noted that 三 0 in this case. W e try to 
calculate all the elements of the above-mentioned matrices a n d get the explicit 
form of t h e m for this perfect cylinder case, 
( ⑴ \ 
ilL 二 广 （ , , 、 - ' = i 丄 人 ( 4 測 
\nJm [nxQ) - i i m [Xq) 
/ \ / \ 
(0) Oim 5(0) '^m' (^o) 
X V = , and B'J = , B讯、 
Ymy \jm' M y 
where 
0 for m ^ m' 
5 ‘ = (4.16) 
1 for m = m' 
V 
is the discrete version of the delta function, the Kronecker delta function, for 
arbitrary integers m and m'. W e get, 
X(o,) 二 1 ( 0 )广伊 ) , (4.17) 
m m ,m m 
which tells us that X、:, depends only on the intensity of the corresponding 
incident m o d e B饥'and independent of any other m modes. 
O n c e more, w e get the result that the coupling effect between the s a m e 
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m o d e n u m b e r is the only excitation channel and there is not any other coupling 
between different m o d e s for perfect cylindrical scatterer case since the matrix I 
is a diagonal matrix in this case which can simplify our calculation very m u c h . 
It should also be mentioned that this is just the zeroth order approximation for 
the surface perturbation system which will be mainly discussed in the following 
context a n d detailed results for this zeroth order approximation are listed here 
( ( 0 ) \ 
( A J � )) 〒讯 
f丑i”'�-丑二”⑷)1 ‘ ⑷ 、 
\ njJinxQ) -Jm{rixo) j \Jm (工o)； 
二^ ^ 丨 ⑴ B m , (4.18) 
Jm{nxo)HL (xo) - nJm (nxo)i^m (xo) 
which is exactly the s a m e as that of the last chapters. 
W e introduce the surface perturbation into our scattering system and try to 
get the first order approximative result for this perturbative case now. Suppose 
that a{(f)) = ao(l + £cos qcj)), where the amplitude of surface perturbation 
e 《 1 . A t first, w e should get the approximative expression for the important 
parameter 5(0), and it is very easy to get 
^ sin(#) 
tant/ = 7 T V 
1 + e cos(g0j 
= + O {{sqf) . (4.19a) 
Based on this expression, we get, 
e =-叫 sin(g(/)) + O {{sqf)， （4.19b) 
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sine = - £ g s i n ( # ) + O { { e q f ) , (4.19c) 
and, 
cosg 二 l + 0((£g)2) . (4.19d) 
W i t h the help of Eqs. (4.19)，we calculate all the related matrix elements 
a n d w e can get the first order expression of I爪 '，饥 
( ⑴ \ 
Jm{nXo) - H m (2:0) 
\riJm (rixo) -H)n (xo)y 
^ / nxoJm' (tixq) -xoHm (a^o) \ 
D 飞,,（ 、 m g T , 、 ( j j i X ) ' ( 、I ^ ^ rr(l)/ 、、 ^rn,m'-q 
,n^xoJm (nxo) + — J m { n x o ) 一 xqH^' [xq) H  
\ XQ V J / 
e 
H + , 
2 
( nxoJm' (nxo) (XQ) \ 
.,//, , rnq ^ , 、 f 、 mq (1) 、 ^m,m'+q 
n^XoJm (nXQ) Jm{nXo) - XqH：^' {Xq) H^n {xo) 
\ \ XQ V J / J 
(4.20) 
and that of Y爪',爪, 
I \ 
Jm{XQ) 0 
, 一 0 / I m — > rn,m 
y 0 Jm (>0) 
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/ ( \ \ 
XoJra � 0 
// mq , 、 -q 
0 X^Jm (2^0) H JmX工0) 
\ / 
+ • + , (4.21) 
丄 \ 
0 
丁 〃, 、 mq 丁 , 、 
0 XQJm (2:0) Jm[XQ) 
\ \ Xo / 丨 
W e find that w e have expressed the important matrices I a n d Y as the series 
expansions of £ to the first order. Following the approximate solution of a linear 
equation with perturbation w e get in the appendix of this thesis, Eq. (A.12), 
w e get the first order solution to this linear equation with perturbation 
(\ 
am 
= A m 
w 
( —^m + —Hm\xo)Cm 
TTXq Z 
r / / \ 1 
、一 (jm{nXo)Jm' {xo) - nJm\nXo)Jm{xo)] Bm -Jm{nXo)Cm / 
— \ L \ 1 A � ‘ 
(xo) — nJ"爪(m:�)丑二1)(>0) 
{ 1 \ . te(xo)^ ^ 
, 訂 0 ^ ^ + 2 Cm 
(nXQ)Jm{Xo) _ Jm(_) Jn/(2：0)) 乂 j 
Jm(jixo)H^^ (xo) - nJ^{nxQ)H^\xQ) 
= (4.22) 
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w h e r e the symbol, B m is the b e a m - s h a p e coefficient of the incident b e a m , a n d 
Cm — 
^ XoJm-q{nXo) (^Jm-q'⑷ H 二 {Xq) — Jm-q o) (^o)^ 
+ 
2in / 1 丁 /. � T "( \ 
———Jm-q (JIXq) +nJm-q [nXo) 
\ vr V^o J Lt^ 
J— ~ J^m—q 
Jm-q{nxo)H^lq ( x o ) - nJm-q{nxo)Hj,_q{xo) 
^XoJm+q{rLXo) (^Jm+q {Xo)H^lq (Xq) — Jm+q ( ^ o ) j 
+ 
—(丄 Jm+g'(nxo)十 nJ•爪+g"(nxo)) ^ 
V 7T \Xo — /_-n 
H — bm+q 
Jm+q{nxo)Hl^lq (xo) - nJm+q {nxo)Hj,^q{xo) 
= C:qBm-q + C’m计(4.23) 
It can be found from Eq. (4.22) a n d Eq. (4.23) that the introduction of 
surface perturbation into our scattering system will lead additional coupling 
excitation channel between different m o d e s besides the original coupling exci-
tation channel between the s a m e m o d e . T h e modulated structure (designated 
b y the index q) of the scatterer surface can couple the energy of other incident 
cylindrical m o d e s (e.g. m — q and m + q m o d e s ) into the m m o d e internal 
a n d scattered cylindrical modes. This coupling effect can never be excited by 
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perfect shape scatterer b u t only b y the ripple structure of the surface w e are 
discussing. 
For perfect cylinder case, the coupling effect b e t w e e n the s a m e m o d e n u m -
ber m is the only, of course the m o s t d o m i n a n t excitation channel. W e can 
not d o anything b u t try to improve the corresponding b e a m - s h a p e coefficient 
B m to its m a x i m u m , if w e w a n t to efficiently excite the m t h order internal or 
scattered field m o d e s . However, the coupling effect b e t w e e n different m o d e s m 
a n d m m u s t b e considered if there is ripple structure o n the scatterer surface. 
N u m e r i c a l results tell us that the coupling between m a n d m - q m o d e s are 
not so w e a k (in m o s t cases, the coupling between m a n d m + q m o d e s can be 
neglected) even if the ripple is not very large. T h e incident b e a m should be 
focused neither o n a position r饥 so that B m reaches its m a x i m u m nor Vm-q 
so that B m - q reach its m a x i m u m but a certain position between rm-q a n d r ^ 
so that the total efficiency of the coupling effect between the s a m e m o d e a n d 
that between different m o d e s can reach its m a x i m u m . 
4.3 Numerical Results 
T o verify the approximate formulas Eq. (4.22) a n d Eq. (4.23)，we numeri-
cally simulate the electromagnetic interaction between a m o n o c h r o m a t i c 2 - D 
(independent of z) gaussian b e a m ( T E m o d e ) propagating along e^ direction 
a n d a cylindrical scatterer with a ripple structure o n the surface. 
Suppose that the field distribution of the gaussian b e a m in the x-z plane 
is 1 ( … 0 ) 2 
= , (4.24) 
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Figure 4.2: |ai5o|^ as a function of incident-beam focal-point positioning kro 
for ka =5, 7, 10, 15, 20, 25, and 30. Perfect cylindrical scatterer at the TEjgo 
resonance. 
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Figure 4.3: |ai5o|^  as a function of incident-beam {ka = 5) focal-point position-
ing kro or /cro/:ro for e = 0，5x10-6,1x10—5, 2x10—5’ 5x10—5，7x10-5’ 1x10-4. 
Corrugated (q 二 10) cylindrical scatterer (n 二 1.33) at the TE^。resonance. 
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Figure 4.4: |ai5o|^ as a function of incident-beam [ka = 10) focal-point po-
sitioning kro or kro/xo for e = 0,1 x 10-6,2 x 10—6,5 x 10—6,1 x 10—5,2 x 
10—5,5 X 10—5,1 X 10-4,2 X 10—4，5 X 10—4. Corrugated (q 二 10) cylindrical 
scatterer (n 二 1.33) at the resonance. 
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Figure 4.5: |ai5o|^ as a function of incident-beam {ka = 20) focal-point po-
sitioning kro or kro/xo for e = 0，1 x 10-6,2 x 10—6,5 x 10—6,1 x 10—5,2 x 
10—5,5 X 10—5，1 X 10—4，2 X 10-4,5 X 10—4. Corrugated (q 二 10) cylindrical 
scatterer (n 二 1.33) at the T E J s q resonance. 
61 
Chapter 4. Effects of Surface Perturbation of 2-D Mie Scattering 
I I I I I I • I I I I ' ' ' M • ' ' ' ' ' I ' ' ' ' i ' ' ' ' I ' ' • ' I • ' • •. 
e = 0 ——、 ，、 ——£ = 0 TEMode 
\、 - / \ - —— E = le"7 11 = 1.33 -• 
-…• . E \ / . r - r - r - ^ : / \ … … e = 2e~7 m = 150，i = 1: 
/ - _ \ - / 、、 p = 5e-7 key = 10 " 
： 5e-7 , .、 ，， y \ ^ 於, " ^ 
、 ' ' • 、 、、、/"• / / ^ : \ E = 7e-7 q = 20 
>-» • re = Icyo 、. Y/ ‘ / / ， •  ^ '『‘ ^ 
a •  / 、， A '' ‘ / 0 • : \ g = le-6 different e , 
I . / / \/r、丨、、11 • I I \ ： 
旨 J / A ' / V / ^ ： / \ 
g • / .• ••••. / 入/ V / TEMode : I : / / \ \ 」 
§ : / ... •/ / h ！ n = 1.33 : I / 、.、 \ 
. / , 、/ V ： ! Mi q = 20 : .、. > 
；/ /. A, li \! ij yy^ e 咖 tE..: (：少 : 
110 120 130 140 150 160 0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35 
kr。 kr 八 
I I I I I I I I I I I I I I I I ' I • ' • • I • ' • ' ' ' ' ' ' I ' _ 
, 、 s 二 0 T E M o d e ： 
- / \ s = le-7 n = 1.33 ： 
• / \ s = 2e-7 m 二 150，i 二 1 : 
7 / \ s = 5e_7 kc7 = 10 : 
^ ： / \ s 二 7e-7 q = 20 
1 : / 、、  s = le-6 different 8 “ 
0 / • 
S : ‘ \ -
— / -
a • / . 
内 • ‘ \ 
1 : / / \ \ -
^ • / \ I  
怎 - / / \ \ : 
- • f z--、 ，. 、 // / Z 、、•^ . 
- / Z \ 、 \ /" / // ^ 
• ‘ / y 、， ^ / ' ‘ V： 
- / / z ' z \ 、 . / / / 飞 
. - M • • • • • ： • • ••‘•‘：•• •••-h^ T^T^ v^^ .N-.y.-fy, • • • • I • • • I • 111 ii 
110 120 130 140 150 160 
Figure 4.6: laisol^ as a function of incident-beam (ka = 10) focal-point posi-
tioning kro or kro/xo for e = 0,1 x 10—2 x 10—?，5 x 10—7 x 10—1 x 10"^ 
Corrugated (q = 20) cylindrical scatterer (n = 1.33) at the TE]：。。resonance. 
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Figure 4.7: |ai5o|^ as a function of incident-beam [ka 二 20) focal-point posi-
tioning kro or kro/xo for e = 0，1 x lO—?, 2 x lO—?, 5 x lO—?, 1 x 10—6,1.25 x 
10—6,2 X 10—6. Corrugated (q = 20) cylindrical scatterer (n 二 1.33) at the 
T E i 5 o resonance. 
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Figure 4.8: |ai5o|^ as a function of incident-beam {ka = 40) focal-point po-
sitioning Zero or kr^/xo for e = 0，1 x 10—7,2 x 10一7，4 x 10—7,6 x 10—7,8 x 
10—7，1 X 10—6. Corrugated (q = 20) cylindrical scatterer (n = 1.33) at the 
TE^go resonance. 
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Figure 4.9: |ai5o|^ as a function of incident-beam {ka = 5) focal-point po-
sitioning kro or kro/xo for e = 0,1 x 10—7,2 x 10—7,3 x 10—7,4 x 10一7，5 x 
10-7,7 X 10—7，8 X 10—7,9 X 10—7,1.1 X 10—6. Corrugated (q = 30) cylindrical 
scatterer (n 二 1.33) at the resonance. 
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Figure 4.10: |ai5o|^ as a function of incident-beam (ka = 10) focal-point po-
sitioning kro or kro/xo for e = 0,1 x 10—7,2 x 10—7,3 x 10-7,4 x 10—7,5 x 
10一7，7 X 10—7,8 X 10-7,9 X 10—7,1.1 X 10-6. Corrugated (q = 30) cylindrical 
scatterer (n = 1.33) at the TE^。resonance. 
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Figure 4.11: |ai5o|^ as a function of incident-beam {ka 二 20) focal-point po-
sitioning kro or kro/xo for e = 0，1 x 10—7,2 x 10—7,3 x 10—7，4 x 10—7,5 x 
10—7，7 X 10—7,8 X 10—7,9 X 10_7. Corrugated (q = 30) cylindrical scatterer 
(n 二 1.33) at the TE^go resonance. 
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Figure 4.12: |ai5o|^ as a function of incident-beam {ka = 30) focal-point po-
sitioning kro or kro/xo for e = 0,1 x 10—7,2 x 10—7,3 x 1 0 - ^ 4 x lO—?，5 x 
10—7,7 X 10一7, 8 X 10—7,9 X 10_7,1.1 X 10—6. Corrugated (q 二 30) cylindrical 
scatterer (n 二 1.33) at the TE^g。resonance. 
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Figure 4.15: |ai5o|^  as a function of incident-beam (ka = 5,10，15，20, 25) 
focal-point positioning kro or kro/xo for e = 4 x lO—?. Corrugated (q = 20) 
c y l i n d r i c a l scatterer {n = 1.33) at the TEJ50 resonance. 
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Figure 4.15: |ai5o|^  as a function of incident-beam (ka = 5,10，15，20, 25) 
focal-point positioning kro or kro/xo for e = 4 x lO—?. Corrugated (q = 20) 
cylindrical scatterer {n = 1.33) at the TEJ50 resonance. 
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focal-point positioning kro or kro/xo for e = 4 x lO—?. Corrugated (q = 20) 
cylindrical scatterer {n = 1.33) at the TEJ50 resonance. 
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w h e r e tq is the focus position, a is the b e a m waist width of the incident b e a m , 
a n d the coefficient l/s/a is a normalization factor so that the total p o w e r of 
the b e a m is a constant independent of the waist width a. F r o m Eq. (2.25) in 
chapter 2, w e get 
{m — kro)2 
B m 〜 知 — , (4.25) 
Vcr 
which s h o w s that the b e a m - s h a p e coefficients of the gaussian b e a m are also 
n o r m a l distribution functions of the m o d e n u m b e r m a n d the focal-point po-
sition ro or kro. F r o m Eq. (4.22) a n d Eq. (4.23), w e can get numerical results 
of | a 饥 w h i c h is directly proportional to the energy inside the scatterer with 
the m o d e n u m b e r m , provided that the change of the scatterer v o l u m e can be 
omitted. 
W e will pay our attention to the T E ^ o M D R ' s m o d e (the refractive index 
of the scatterer n 二 1.33) in the following context. U n d e r the help of the 
approximate formula Eq. (3.1) about the M D R ' s position in chapter 3 a n d 
s o m e other numerical techniques, w e get the exact size parameter xi5o,i for the 
TElso M D R ' s 
xi50,i = 119.13940, (4.26) 
which corresponds to a scatterer of diameter a。〜2QiJ/m for a wavelength of 
入0 〜 W e c o m p u t e |ai5o|^ as a function of the focus position ro or 
kro with different surface perturbative amplitudes angular indices q of the 
surface perturbation, as well as b e a m waist widths ka, as s h o w n in Fig. (4.2) 
to Fig. (4.17). 
Fig. (4.2) shows the internal excited energy with the m o d e n u m b e r m = 150 
w h e n the scatterer is a perfect cylinder. It is found that the internal excited 
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energy obeys gaussian distribution with the translation of the b e a m focus 
ro along the x-axis. Note that xo = k a。 ^ 119.13940 corresponds to the 
b o u n d a r y of the cylindrical scatterer. T h e curves for the perfect cylinder 
demonstrate the localization principle by which the focal-point position for the 
m a x i m u m resonance excitation is located outside the boundary of the cylinder 
at a position approximated given by Eqs. (4.1) {kro 〜 r n = 150). Note that 
this is an expected result since the internal excited energy with the m o d e 
n u m b e r m in this case is independent of Bm-q or Bm+q but only dependent 
u p o n Bra since the surface perturbative amplitude £ is 0 a n d B m is the normal 
distribution function of ro or kro. 
Results of |ai5o|2 versus kro with surface perturbations are s h o w n in figures 
4.3 to 4.17. 
Fig. 4.3, Fig. 4.4, and Fig. 4.5, each with a different ka, have the s a m e 
q = 10. T h e various curves in each figure are for different surface perturba-
tion amplitudes 已 These figures show that the presence of surface roughness 
do shift the position of m a x i m u m resonance excitation towards the center of 
the scatterer with a distance A(/cro)〜g = 10 (still outside the scatterer). 
T h e stronger surface perturbative amplitude the m o r e m a x i m u m resonance 
position shift. 
Comparison a m o n g these three figures tells that this break d o w n of local-
ization principle will be m o r e serious for relatively narrow b e a m s (small b e a m 
waist width ka), and it is reasonable since the field distribution changes m u c h 
m o r e faster for narrow b e a m than broad b e a m . If w e generalize our result to 
plane incident w a v e case {ka = oo), the b e a m distribution and the b e a m shape 
coefficients will never change with the translation of the focal-point location. 
Fig. 4.6, Fig. 4.7, and Fig. 4.8 show similar plots except for g = 20 in 
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these figures, a n d Fig. 4.9，Fig. 4.10, Fig. 4.11, as well as Fig. 4.12 again s h o w 
similar plots except for q = 30. P r o m these three groups of figures, w e see 
that the b e a m waist width ka affects the m a x i m u m excitation focal-point lo-
cation kro. In particular, w e find that for relatively narrower b e a m s (compared 
with q), the largest distance for the m a x i m u m excitation focal-point position 
shift A Zero 〜 q (see Fig. 4.3, Fig. 4.6, Fig. 4.9, a n d Fig. 4。10); however, it is 
not correct for relatively broader beams，the shift m a y b e less (see Fig. 4.5) 
or larger (see Fig. 4.8) than q for these broader b e a m s . W e can predict this 
kind of p h e n o m e n a from the formual Eq. (4.22) before numerical simulation. 
Equations (4.22) a n d (4.25) tell us that a m is the linear superposition of three 
different gaussian functions equal in widths a n d different in central point loca-
tions {kro = m — q, m, a n d m-hq, respectively). For relatively narrower b e a m s , 
the m a x i m u m excitation focal-point locations should b e m o s t related with one 
of the three gaussian functions (the effect of the other t w o functions should be 
very w e a k w h e n one of t h e m gets its m a x i m u m ) , so the m a x i m u m excitation 
location kro will just shift from m [Bm gets its m a x i m u m ) to m - q (Bm-q 
gets its m a x i m u m ) with the increase of the surface perturbative amplitude 已 
Nevertheless, it is not the case for broader b e a m s since w e can not neglect the 
effect of the other t w o functions w h e n one function gets its m a x i m u m . 
O u r numerical results s h o w that w h e n the surface perturbation amplitude is 
large enough, then the focal-point position for o p t i m u m resonance excitation 
shifts from the position outside the scatterer, as s h o w n b y Eq. (4.1), to a 
position which is nearer to or just inside the scatterer a n d they are consistent 
with the experimental observations of [2 . 
Fig. 4.13-Fig. 4.17, each with a different e, are for the s a m e q = 20; curves 
in each figure correspond to different incident b e a m waist widths ka. a n d 
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different surface perturbation amplitudes e are considered in each figure. T h e y 
s h o w that the internal m a x i m u m excitation energy decreases with the increase 
of the b e a m waist width which is consistent with our knowledge. For different 
b e a m s with s a m e intensity, the energy of each partial w a v e m o d e of this b e a m 
will decrease with the increase of the b e a m waist width. 
A t last, w e have to stress that w e also get s o m e surprising results. A s 
w h a t can b e seen from nearly all the figures, the m a x i m u m excitation energy 
will be larger than that for perfect cylindrical scatterer case, w h e n the surface 
perturbation e is large enough. This is physically strange. T h e scatterer 
without any surface perturbation is such a perfect cavity that it should be m o s t 
efficient to excite the internal M D R m o d e . H o w can a scatterer with surface 
perturbation (not so perfect scatterer) can excite the internal M D R m o d e m o r e 
efficiently than a perfect cavity? It is an inevitable result of our first order 
approximate formula Eq. (4.22). A s w h a t is s h o w n above, this formula tells 
us that the internal excitation energy with the m o d e n u m b e r m is the linear 
superposition of three n o r m a l distribution functions with different complex 
coefficients (dependent u p o n the perturbative amplitude s). T h e effect of the 
functions related with m-q index will increase with the increase of the surface 
perturbation amplitude without any limitation. W e attributed this divergent 
result to the perturbation m e t h o d w e adopt in our w o r k a n d suppose the 
approximate formula is not correct for large surface perturbation. It should 
also be noted that our numerical results showed that the coupling between m-q 
a n d m (which shifts the m a x i m u m excitation energy focal-point position near 
the scatterer) is m u c h stronger than that between m a n d m + q (which shifts 
the m a x i m u m excitation energy focal-point position far from the scatterer). 
In conclusion, we do get maximum excited energy focal-point shift from 
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the assumption of the surface perturbation. T h e explicit formulas w e get s h o w 
that the coupling between different m o d e n u m b e r m channels is the source of 
this shift a n d the break d o w n of the van de Hulst localization principle. 
Nevertheless, our results are still preliminary. There are m o r e to be done. 
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T h e principal results of this thesis are in equations Eq. (2.25), Eq. (3.1), 
Eq. (3.2), Eq. (3.3), Eq. (3.4), Eq. (4.22), a n d Eq. (4.23). 
Equation (2.25) gives a first order approximate formula for the beam-shape 
coefficient with the m o d e n u m b e r m of an arbitrary b e a m . This very simple 
formula s h o w s that w e can get the corresponding b e a m - s h a p e coefficient by 
evaluating the value of the field at a distance m/k from the origin of the 
coordinate (center of the scatterer). Besides keeping the size parameter x sat-
isfying the basic condition of 2 - D M D R ' s , Eqs. (1.8), w e m u s t also maximize 
fYl 
Ernc{r)\ix=m/k,y=0) (focus the incident b e a m o n the point ( —,0)) in order to 
efficiently excite the internal field or scattered field associated with the m o d e 
n u m b e r m. This result is consistent with the van de Hulst localization princi-
ple. W e h o p e to generalize it to the 3 - D case in the later work. 
Eqs. (3.1) and (3.2) s h o w the explicit size parameter where 2 - D M D R ' s 
can be efficiently excited. Approximate explicit widths from Eqs. (3.3) and 
(3.4) s h o w that the peaks of 2 - D M D R ' s with the relative larger order n u m b e r 
i will be wider, which indicates smaller quality factor Q, with the s a m e m o d e 
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n u m b e r m. Note that all of our formulas for the 2 - D M D R ' s widths can be 
generalized to 3 - D case. 
Eqs. (4.22) and (4.23), with which w e can get the approximate excitation 
efficiency of a 2 - D M D R produced by a focused Gaussian b e a m of arbitrary 
width with the illuminated scatterer with surface perturbation at an arbitrary 
position, are nearly the m o s t important results in this thesis, they s h o w that 
additional excitation channel between different m o d e n u m b e r m exists un-
der the assumption of the surface perturbation of the scatterer for 2 - D M i e 
scattering. T h e first term (zeroth order term X ^ ^ ) of Eq. (4.22) describes 
scattering b y a perfectly cylindrical scatterer of radius a。，where the internal 
and scattered partial w a v e m o d e associated with the m o d e n u m b e r m is only 
dependent u p o n the incident partial w a v e m o d e with the s a m e m o d e number. 
T h e remaining term, eXin\ describes scattering to first order in £ by the sur-
face perturbation, where two incident partial w a v e m o d e s associated with the 
m o d e n u m b e r m-q and m + q couple to the internal and scattered wave m o d e 
with the m o d e n u m b e r m. F r o m the idea of q u a n t u m mechanics, s o m e of the 
angular m o m e n t u m of the incident partial w a v e is taken u p into other m o d e s 
because of the modulation of the scatterer surface. It can be imagined w e 
should include the cross coupling terms between m and m-2q, m + 2q in the 
second order approximation of Eq. (4.22). Such result is consistent with results 
of Lock that "Numerical computations with a n u m b e r of different values of 
广，p, and \m\ showed that, for /(cos 6') 二 cospO, the value of 爪 w a s 〜 0 ( 1 ) 
only w h e n I' 二 I — p oi I' 二 I + p. Otherwise /广z，n^  〜 0 ( 1 0 ] ) for all other 
allowed values of 广” [16] w h e n he considered the corresponding 3 - D problem. 
A t last, it should be noted that the approximate m e t h o d w e developed in this 
part can be easily generalized to the T M case and the scatterer with a surface 
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described b y 
_ + ⑷ / \ 
a ⑷ = a o 1 + c o s g f V + 4 ' ^ s i n g f V ) , (5-1) 
• i — 1 -
since our result is a linear result. However, it will be m o r e complicated if w e 
w a n t to generalize our result to 3 - D case since it is not so easy for us to divide 
the corresponding matrix into proper block matrices because of the coupling 
between I a n d m in 3 - D case. 
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Approximate Solution to One 
Matrix Equation with 
Perturbation 
It is well known that the analytic solution ：?(。）to one linear equation 
/ ( o ) X ( � )=办 0)， (A.l) 
is 
X(o) = /(0)-1办。)， （A.2) 
provided that the explicit form of /(•)—丄 in Eq. (A.2) is known, where /(。）is a 
linear operator or square matrix,叉(。）and 办。）are vectors or column matrices, 
and /⑴)— is the inverse matrix or operator of 
However, it is not an easy task to get the inverse i of a complicated 
matrix / m o s t time. T h e question comes out h o w to obtain the corresponding 
solution to Eq. (A.3) without any knowledge about For one a little m o r e 
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complicated linear equation 
ix = B, (A.3) 
A 
where the square matrix I can be written as, 
i 二 /(o) + ef ⑴ + t”⑶ + ... , (A.4) 
the right h a n d c o l u m n matrix B can be written as, 
B 二 E(o) + e&i) + e ， + . •. , (A.5) 
the variable |e|《1 corresponds to the additional perturbative effect of /(•), if 
the explicit form of /(。厂丄，the inverse of f(o), the zeroth order approximation 
of the matrix / is known, w e can just suppose that the solution X to Eq. (A.3) 
can be expressed as the following approximative (symbolic power series) form, 
X = X ⑶ + e X⑴ + ⑶ + ... , (A.6) 
where 叉(。）is the zeroth order,玄⑴ the first order,玄⑶ the second order,..., 
power series expansion term of X. Obviously, the m o r e the first terms X(') 
(f = 0，1, 2,...) of 叉 w e know, the better approximation of X w e will obtain. 
W e can just concentrate our effort on getting as m u c h terms of 办 ) a s w e can. 
Substitution Eqs. (A.4, A.6, and A.5) into Eq. (A.3) leads, 
(/(o) + eP) + ...)(又(。)+ eX ⑴ + . . . ) =办。 )+ e办 1) + . . . , (A.7) 
where only those term whose power of e less than 2 are kept. By expanding 
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all the terms in Eq. (A.7) and only keeping the terms w h o s e power of 6 less 
than 2, w e get, 
/(o)X(o) + e(/(。)J?⑴ + / ⑴ ； ？ ⑶ ） = + eB⑴ + ... , (A.8) 
which leads two independent equations, 
/(o)叉(�)=办0), (A.9a) 
and, 
/(o)X ⑴ + / ( i ) X ( o ) =办 1). (A.9b) 
Eq. (A.9a) directly tells us that, 
X(o) = /(。)—1 办0), (A.lOa) 
and substitution this simple result into Eq. (A.9b) leads, 
X � = / ( � ) —1 ( 办 1)—/ ⑴又(0)) 
=/(0)-1(办1)—/(1)/(0厂1夠. (A.lOb) 
N o w , w e get the first order approximation solution to the linear equation 
Eq. (A.3) by the power series expansion method. Noted that by the s a m e 
m e t h o d and keeping m u c h enough terms w h e n expanding both sides of Eq. (A.7), 
w e can generalize our m e t h o d to as high order approximative solution as w e 
like. T h e second order expansion term is given in the following context. H o w -
ever, the m a i n idea is nearly the s a m e and the only difference is that m o r e 
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expansion terms should be considered to get it. 
叉⑵=/(。)_i[_^⑵ _ /⑴/(。)-ij^(i) 
+ (/⑴/(o)-i)2办0) ⑵/(0)-l识0)]. (A.ll) 
The power series expansion form of the solution X to Eq. (A.3) is, 
X = /(0)_1办0)+6/(0)-1(办1) — /(1)/(0)—1办0)) 
+ e2/(。)-1 [办2) _ /⑴/(。)-1 办1) 
+ (/⑴/(O 厂 1)2 办0)— /(2)/(0)-1 办0)] + ... (A.12) 
In fact, we can obtain exactly the same result as Eq. (A.12) by some 
different method (seemingly more intuitional), we just symbolically compute 
Eq. (A.3) and will get, 
1 二（/(。) + e/⑴ + ... )-i(办。)+ e办 1) + ...) 
= " ( / + el⑴ f (。) -1 + …)/(。)] —1 (办。)+ e 妒 + ….） 
二 /(。) 一i(/ + eP) /(。) -1 + ... )-i(办。)+ e办 1) + .. •) 
=/(o) e/⑴ /(o) —1 + ...) (B(o) + e B⑴ + ...) 
=/(o) -1 [云(0) + e (云⑴一 i⑴ /(o) —1 云(0)) + ... 1 , (A.13) 
L V 乂 」 
where / is the identity matrix. Note that the following two theorems are 
applied during our derivation, they are, 
(/ + eM)-i = i-eM + "- , (A.14) 
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and, 




S o m e basic properties of Airy functions used in this thesis are simply listed 
in this part for our easy reference. Detailed information about Airy functions 
can be found from the b o o k b y A b r a m o w i t z [14, section 10.4], etc. Noted that 
cj denotes Ai, Bi, or any linear combination of these two functions. 
Airy Equation: 
uj" — zu = (B.l) 
Wronskian: 
VF{AiO),BiO)} = i (B.2) 
T h e first 15 roots, ai, of the equation Ai(-z) = 0 are s h o w n in Table B.l. 
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Table B.l: Zeros a^ of A i ( - z ) 



















C. l Basic Properties of the Bessel Functions 
S o m e basic properties of the Bessel functions used in this thesis are listed in 
this part for our easy reference without proof. W e can find detailed information 
from the books by Abramowitz, et al [14], W a t s o n [31], B o a s [32], as well as 
Jahnke and E m d e [33], etc. Noted that F denotes J, Y, H⑴,丑⑵，or any 
linear combination of these functions, and f denotes j, y,“⑴，h⑶,or any 
linear combination of these functions. 
Cylindrical Bessel Equation 
x'Fm"{x) + xFm\x) + - TTl') F^X) 二 0. (C. l) 
Spherical Bessel Equation 
x'fi'\x) + 2xfi'{x) + - l{l + 1)) Moo) 二 0. (C.2) 
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Generating Function and Associated Series [14, Eq. (9.1.41) 
+00 
e去邓 - 1 /力） = t ^ J m i z ) ^ ( t ^ O ) . (C.3) 
m = — 0 0 
Wronskian of the cylindrical Bessel functions [14, Eq. (9.1.16) 
W{Jm{x),Ym{x)} = — , (C.4a) 
L J 7TX 
a n d that of the spherical Bessel functions, 
W{ji{x),yi{x)} = W = (C.4b) 
Recurrence Relations of the cylindrical Bessel functions, 
fYl 
Fm-i{x) + Fm+i{x) =-- 2-Fm{x) (C.5a) 
'JO 
Fm-i{x) - Fm+i{x) = 2Fj{x) (C.5b) 
TYl 
Fm\x) = Fm-l{x) 一 - F r n { x ) (C.5c) 
X 
TYl 
Fm'ix) = - F ^ + i ( x ) + - F ^ ( x ) . (C.5d) 
oc 
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C.2 Numerical Evaluation of The Bessel Func-
tions 
T h e r e have b e e n n u m e r o u s m a t u r e algorithms to numerically evaluate the 
Bessel functions, the m o s t f a m o u s a m o n g w h i c h are, I M S L Fortran libraries 
.35] b y Visual Numerics, Inc., N u m e r i c a l Recipes in Fortran [36], as well as 
M a t h e m a t i c a b y W o l f r a m Research, Inc., etc. E a c h of the above-mentioned 
libraries has its o w n strongpoints a n d weakpoints, a n d since w e have to evaluate 
b o t h the Bessel functions a n d Y m { x ) so frequently during our research, 
it is such a n important task for us to select the best algorithm a m o n g t h e m or 
just develop the code ourselves to satisfy our particular request. 
A s a g o o d choice for Fortran p r o g r a m m i n g , I M S L (Fortran edition) is c o m -
plied, packaged, a n d w e never k n o w w h a t is happening, a n d w h a t the error 
is w h e n w e a d o p t I M S L to evaluate the Bessel functions. W e will b e in the 
s a m e trouble if w e use M a t h e m a t i c a for similar reason. Furthermore, I M S L 
never provides us results in double precision b u t only those in single precision 
w h i c h are far from our need. However, it should b e noticed that I M S L always 
generates all the Bessel functions fi{x) of the s a m e variable x with the m o d e i 
from 1 to I every time it is called, w h e r e I is the m a x i m u m order of the Bessel 
functions y o u wish to evaluate. It is very great for us since w e d o expect to 
get all the Bessel functions of the s a m e variable with different order in m o s t 
cases. A g o o d e x a m p l e is the numerical evaluation of the total scattering cross 
section for a 2 - D M i e scattering system. 
A s far as Numerical Recipes is concerned, it is nearly one of the best nu-
merical libraries I have ever met，in m y opinion. T h e m o s t important reason 
is that its source code is not close b u t completely o p e n to public so that w e 
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Table C.l: C o m p a r i s o n between our Bessel Functions evaluation subroutines 
with s o m e well-known software packages. 
Numerical Subroutine 
^ . Recipes M a t h e m a t i c a Developed b y  
L i b m n e s Subroutines Ourselves 
Source packaged, modifi- packaged， Qpen, modifi-
^ , non- non- 丄 i 
C o d e , , able . . able 
modifiable modifiable 
recurrence 
a n d s o m e 
Algorithm u n k n o w n recurrence u n k n o w n other im-
provements 
. . ( nearly as 
single (can 」. 
, b . ^ many digits 
be improved . . . 
t double as needed by 
Precision single 〇 . • ou e setting the double 
b precision by . 
, . . environmen-
dianging its variables 
V. Let 丄 Vcl 丄丄 clU 丄 t^ b 
source code) . 
‘ properly 
large (be- i 。 \ . nearly as ex-
cause 01 J J 
. . act as needed 
large (be- precision, can setting the 
Error cause of b e improved . small 
. , 、 1 1 • environmen-
precision) by changing ^^^ ^ i a b l e s 
its source . 
code) properly 
C o m p u t i n g fast fast very slow! fast 
efficiency 
Return from /o (x) to i " 、 , . from /。⑷ to 
Value M x ) only 力 ⑷ only / 办） 则 
Derivative iw ^ no Y ^  
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can assess a n d modify it provided that w e fully understand the algorithm it 
introduces. Although Numerical Recipes only s h o w the code for single preci-
sion evaluation of the Bessel functions in the f a m o u s b o o k [36], w e can just 
modify it a n d will get our n e w p r o g r a m m e which can give results in double 
precision with the error m u c h smaller than its original subroutines. N o t e d that 
Numerical Recipes evaluates the Bessel functions by the recurrence relations 
Eqs. (C.5) of them, w e realize that it has c o m p u t e d the functions of different 
order for the s a m e variable though it never tries to save other but only the last 
result into the computer m e m o r y . W e just a d d s o m e operations of array on its 
original code a n d w e our subroutines which acts exactly as I M S L w h e n called. 
M a t h e m a t i c a is very powerful in symbolic computation a n d it is not a g o o d 
choice for large scale numerical computation for its surprisingly slow speed. 
W e just take the results of M a t h e m a t i c a as the accurate results (the standard) 
w h e n developing our o w n p r o g r a m m e since it can give us as accurate result as 
w e expect provided enough time is paid. 
Itemized comparisons of the performances between the above-mentioned 
libraries are s h o w n in Table C.l for easy reference, a n d w e conclude that our 
p r o g r a m m e is definitely the best choice in this particular area. 
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